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Superconducting Permanent Magnets

by

Stefan L Wipf and Henry L Laquer

Abstract

The concept of superconducting "permanent' magnets or Super-
Permanent magnets, with fields trapped in shells or cylinders of
type II superconductors is an old one. Unfortunately, the low values
of 0.5 to 1T for the first flux jump field, which is independent of the
actual current density, have frustrated its implementation with the
classical Type II superconductors. The fact that the flux jump fields
for high temperature superconductors should be almost an order of
magnitude larger at liquid nitrogen temperatures, allows us to
reconsider these options. Analysis of the hysteresis patterns, based
on the critical state model, shows that, if the dimensions are chosen
so that the sample is penetrated at a field Bp, which is equal to, or
just less than the value of the first flux jump field Bfj at the given
operating temperature, a temporarily applied field of 2 Bf j will trap
0.5 Bfj. Thus for a Bfj of 6 T, a permanent field of 3 T should be
trapped, with an energy product of 1.8 MJ/m'(225 MG.Oe). This is
five times as large as for the best permanent magnet materials. We
discuss means to verify the analysis and the limitations imposed by
the !cw critical currcnt densiies in prese-11y -v iigb n kUf tempcra-

ture superconductors.
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I. Introduction

The idea of superconducting "permanent" magnets or SuperPermanent mag-
nets, with fields trapped in shells or cylinders of type II superconductors is an old one.

It probably occurred to many people and was indeed demonstrated by one of the
authors in 1963. [1] The practical implementation of the concept, however, was

limited at the time by the low flux jump fields encountered with massive type II
specimens, such as Nb3Sn, Fig. 1, and, more importantly, by the thermal and mechani-
cal consequences of a flux jump, which could be disastrous, Fig. 2. The advent of high
temperature superconductors suggests a reexamination of the practicality of supercon-

ducting permanent magnets for two reasons:

o Expected flux jump fields are at least an order of magnitude larger than in

previously known type II superconductors, and

o Higher operating temperatures present an easier and simpler environment for

most engineering applications.

Additional motives for wanting to replace solenoidally wound electromagnets with

flux trapping structures are to:

o Bypass many of the difficulties associated with fabricating brittle materials into

wire, cable or tape, and

o Avoid making current carrying contacts between normal conductors and supercon-

ductors.

Fig. 1 Ftux Thtppi.ng wth

NbcSn cgtbinde at 4 K.
The steps are flux jumps due to

thermal instabilities. The
residuai interi ..i fieR,,in,at

zero applied field, Hex, is the
trapped or remanent field.

/
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Fig. 2 Nb2Sn Ftux ThappLig CytindeA: (a] &dote and (b) Adte-t Ftux Jump.
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2. Flux Jumps

2.1. Flux Penetration Mechanisms

It was observed early in the development and application of type II superconduc-
tors that heavy walled cylinders, thick sections and wide tapes exhibit a peculiar
instability associated with the sudden re-distribution of magnetic fields. The under-
standing, explanation and avoidance of the interacting thermal, magnetic and
uniquely superconducting effects that cause flux jumps have been the primary accom-

plishments that make large superconducting systems possible. The topic is generally

referred to as the adiabatic stability theory, because the worst-possible condition of a
thermally isolated system is assumed. In actual practice, it is possible to exceed the

predicted adiabatic limits by controlling the rate of flux motion or by changing the
structure, so that the assumption of adiabaticity is no longer valid. Nevertheless, the
theory provides a sound basis to guarantee engineering reliability.

In describing the electromagnetic characteristics of bulk Type II superconduc-
tors, we have to distinguish between the intrinsic properties of ideal materials and the

actual behavior of practical ones. When a field is first applied to the ideal material,
the field is excluded from the body by currents flowing only in a London surface
penetration layer, just as it is in a Type I superconductor. We also observe the
Meissner effect, which is the complete expulsion of flux from the superconducting

body, when it is cooled in a small static field to below its transition temperature. In
either case, the process is energetically demanding and requires that the ther-

modynamic free energy difference between the normal and superconducting states

be larger than the energy of the excluded field. The induction, B, is zero, the mag-

netization, M=B-m ,H, is negative, the relative permeability is -1, and diamagnetism

is complete.

The difference between Type I and Type II materials is that when the field
exceeds a critical value He, Type I loses superconductivity altogether, whereas in

Type II flux starts to penetrate the bulk at, what is now designated as the "lower

critical field", Hcl or Bcl. With further increases in H, more field penetrates the
Type II, diamagnetism becomes partial and continues to decrease until it finally
disappears, together with bulk superconductivity, at the "upper critical field", Bc2. In
hard-to-achieve ideal samples, the magnetization curve is reversible and retraces
when the applied field is decreased.

Page 4
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In practical, non-ideal Type II superconductors the magnetization curves are no
longer reversible. Currents throughout the body are governed by the pinning strength,
i.e. by the ability of various lattice imperfections to pin flux lines and keep them from

moving. The situation is described by the Bean-London [21 [3] critical state model.

The superconductor initially excludes the magnetic field from its interior by setting up
shielding currents on its surface. Once the induced currents exceed what can be
carried within the London penetration depth, current gradually transfers into the

interior. Local current densities are either at their critical value, behind the moving
boundary, or zero, in front of it. The apparent diamagnetism continues to increase for

some region above Hel, but at a lower rate than initially. When the field is reversed,
there is hysteresis and we may observe an apparent paramagnetism, whenever the
average field in the superconductor exceeds the external field during the down-
sweep. The Bean-London model is also used to analyze AC losses.

It is important to emphasize that, in materials that pin flux lines, there can be
little flux expulsion and most of the observed flux exclusion does not result from the
thermodynamically reversible Meissner effect, but merely from shielding by induced

currents, as would be seen with any perfect conductor of zero resistivity located in a

changing magnetic field.

The original treatment of adiabatic stability was presented in a set of papers by
Peter Smith's group at the Rutherford Laboratory [4] and is summarized in Martin
Wilson's book "Superconducting Magnets". [5] The theory uses the Bean-London

model to quantitatively discuss the energy deposition within the superconductor while
exposed to a changing magnetic field. As flux and current progress into the supercon-

ducting body, a magnetic field gradient is established. The field drops from the
externally applied value to zero at the flux penetration boundary. Eventually, the

superconductor will be completely penetrated by magnetic flux and currents when
the boundary meets another surface or another boundary coming in from the op-

posite direction, unless there is a sudden, premature, catastrophic flux motion or flux

jump. The jump releases the energy stored in the inductance associated with the

shielding currents (i.e. ,he a.'igciatec magntic fields gradients), and is therefore

always accompanied by local heating. After the flux jump, flux and current distribu-

tions are random and unpredictable.

Page 5
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Flux jumps are a consequence of the facts that:

1) flux motion in any conductor is a dissipative process and, therefore, releases heat,

2) the critical current density in most superconductors decreases with increasing tem-

perature,

3) the specific heat of all solids is very low at liquid helium temperatures, so that a

small heat input causes a large increase in temperature, and

4) the thermal conductivity of most superconductors is low, so that thermal conditions

are locally adiabatic.

Flux jumps can be avoided by limiting the dimensions of the superconductor (in

the direction perpendicular to any changing field), so that it will be fully penetrated

before the field at the surface reaches a critical value, designated as Bf .

2.2. Adiabatic Stability Theory

The following analysis treats a semi-infinite slab of superconductor with a field

parallel to its surface. The conductor is assumed to be at a uniform temperature, i.e.

isothermal, but it is &so assumed to be thermally isolated, so that the process will be

adiabatic. We then consider a "feedback" cycle where:

A small heat input causes an increase in temperature, T, which causes a

decrease in critical current density, Jc, which then results in a redistribution

of the shielding currents and thus changes the flux distribution. This flux

motion, in turn, produces additional heating.

Depending on the magnitude of the specific heat and of the slope of the critical current

density vs. temperature curve, the cycle will either accelerate or die out.

If we make the simplifying assumption that th critical current density, Jc, is inde-

pedit of One local dagiieiic field, the flux peietiation depih, a, at any time, wii be

directly proportional to the applied field, B, and inversely to the critical current density,

JC:

a = B/( 0 Jc). (1)
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The thermal run-away or flux jumping instability criterion is

Bfj = 3 Uo T C. [Jc(-ac/aT)] , (2)

where:
"y = Density,

C = Heat capacity per unit mass, and
Y-C = Volumetric heat capacity.

We also assume that the critical current density falls linearly with increasing tempera-

ture, as observed with most Type II superconductors:

-aic/aT = 40 / (T*-To) , (3)

and obtain the first flux jump field, Bfj, as a function only of the volumetric specific
heat and of the difference between the effective critical temperature, r (at the

prevailing magnetic field), and the operating temperature, TO:

Bfj= 3 y C(7*-TO)] (4)

It is worth noting that the critical current density is not explicitly present in Eq. (4),

but does affect the depth of flux penetration according to Eq. (1). The higher the
current density, the smaller the penetration depth and the steeper the field gradient.

For subsequent flux jumps, equation (4) can be generalized by replacing Bfj with the
difference, AB, between the fields inside and outside the body of the superconductor.

Fig. 3 gives the temperature variation of the first flux jump field for a "generic"
High Temperature Superconductor with the appropriate physical properties, as

discussed in a companion paper. [6] For materials with a Tc higher than about 90 K,

the peak will increase and shift to higher temperatures. The actual magnitude and

location of the peak depend strongly on the value of the specific beat and may change
somewhat as new materials and more accurate data twc'ome vqi1Ph1re. The figlre

also shows the upper critical field, Bc2. Obviously, there can be neither superconduc-

tivity nor flux jumps above that line. At any rate, our model using a field-independent,

constant critical current density will have to be modified for detailed studies in the
vicinity of Bc2 by assuming a more realistic constant pinning force.
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Fig. 3a FLux Jump FieU/ 6oa 90 K High Tempelute Suputonduc.ota a6 a Func-

tiont o6 Templaotwue.

Fig. 3bFLux Jump Fet.d okA 120 K Supe.tondc.toA. (See NextPage)

Having established the maximum safe field differernce across a bulk superconduc-

tor, we can use Eq.1 to calculate the thickness of the slab that can just support that

field difference. We designate the corresponding threshold value for the half-thickness

as a. . In other words, 2.afj is the maximum safe thickness of superconducting

material that, at the operating temperature: and at the prevailing critical current den-

sity, will just be penetrated (from both siues) when the externally applied field is equal

to the calculated flux jump field. For circular geometries, the distance af j becomes the

radius of a solid cylinder, or the wall thickness of a tube, and the numeric values of Bfj

and a f J are enhanced by about 10% over the slab values.
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Flux Jump Thickness
Jc.ref: IEIO A/m* at 4K
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Fig. 4 FLax Jump Vimen .6on in High Tempe~atue Supeconduactoit a,6 a

Fu.nction 06 Tempe.auL.

Fig.4 gives a plot of 2.afj as a function of temperature when the critical current

density drops linearly from a reference value of 10 10A/m 2 at 4 K to zero at a 7T of

88 K. This corresponds to a critical current density of 1.2.10'A/m 2 (1.2.10 5 A/cm 2 ) at

77 K. Since afj is inversely proportional toJc, a 10-fold decrease inJc will cause a 10-
fold increase in afj. The data of Fig. 4 are re-plotted in Fig. 5 on a logarithmic scale.
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Log(Flux Jump Thickness)
Jcref: 1210 A/m' at 4K-1.8 1 -/
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Fig. 5 LogaAthm oj Ftux Jump Vmn .mion in Hi{gh Tempe.utute Supe ondu.c-

toA aA a Fun.ton o6 Tempe.Aat e.

3. Flux Creep

As mentioned, adiabatic conditions need not always prevail. In that case ther-
mally activated flux creep will redistribute critical currents throughout the supercon-
ductor, as described by the Kim-Anderson model. The increased ease of flux creep at
elevated temperatures will, on one hand, reduce achievable critical current densities,
by making pinning sites lcss effectivc, but may, on the other hand, slow the re-distribu-

tion of flux lines sufficiently, so that the dimensional limits of the adiabatic model can

be safely exceeded.
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The existence of flux creep indicates that the concept of a unique value for the
critical current density of a Type II superconductor is somewhat flawed. Flux creep

can only be observed in persistent current systems, which are operating at their

critical current density, but this is exactly where critical state flux trapping as-

semblages will be. Some flux will creep or leak out and the field will decay with time.
Fortunately, the decay is not exponential with a single time constant, but instead it is

logarithmic in time. As shown by the Kim-Anderson model, the time for a given

fractional decay increases logarithmically, so that changes soon become unobservable

and the fields are "constant" for all practical purposes. One way to avoid even the

small initial decay and at the same time stabilize the magnet against the effects of
temperature fluctuations, would be to operate at a temperature lower than the

trapping temperature.

4. Flux Trapping

4.1. Superconductor Magnetization Patterns

In the following description of the magnetization behavior of superconducting

slabs or structures, when subject to (cyclically) changing fields, it is convenient to

normalize all fields to the penetration field, Bp, needed to push the current boundary

from the surface to the center of the given geometry during the first or virgin cycle.
Fig. 6 displays the phasing of the average field or induction, Bavg, within the semi-

infinite slab and of the magnetization, M, when the externally applied field, measured

in units of U oH, is cycled to ± 2Bp.

Fig. 7. gives the corresponding magnetization curves for maximum applied

fields, Buax, of 0.5, 1, 1.5 and 2 Bp. (Magnetization curves are usually shown in the

superconductivity literature with the negative magnetization plotted in the +y direc-

tion, i.e. as the mirror image of Fig. 7).

Fig. 8 presents hysteresis curves for the average field or magnetic induction

within the slabs for the same values of B.8 x, and Fig. 9 shows the field penetration

patterns in the slab of thickness 2.af j, corresponding to different ballooned locations

in Figures 6 and 8. It also lists the magnitude of the magnetization at these points.
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2B H

f\, Bavg
1B~

o - * - \\m
p

0I

-1B

-213B

0.5 1 (Cycle)

Fig. 6 Pha4ig oj Ftux Penet~titon anrd Magnetization JoA Suputcondue-
tig Stab with Va~ying Apptid Fi.e.

Fig. 7 Magnetization 6ok Suprconducting Stab a4 a Funetion o6 Apptied
Fietd. Measured in units of Bp.
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T

+

Fig. 8 Magnetic Induction Cycte.6 i &Lpe.condueting Stab 6oA Vi66u~en~t
Maximum Voatue. o6 the AppLied Field.

© 2B

18 I
8=028 2a1 p 1
MA0- 8  -1B -'a
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Fig. 9 Ftux Penet'tation Patte'm.6 oA% SupeAconducting Stab and Value o6

Magnetization at V46enut Poinit& o6 the Hyete;Le~i4 Cycte.
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0.5

1 2

Fig. 10 Remcnet and Comieve Fietd6 6ok SupmJWonduCtoA &AL a Funteton o6
Maximm Fied Apptied Zusing Cycle. Measured in units of Bp. Coercive
field, dashed curve, drops linearly.

During the part of the cycle where the applied field is decreased, the direction of
newly induced currents moving in from the surface is reversed. They now try to

reduce and eventually reverse the average field within the material. After the first
reversal of the sweep direction, the moving boundary is no longer between critical
current and zero current density, but between critical currents of opposite direction.

It should also be noted that, with our system of coordinates, the induction curves,
Fig. 8, are merely the magnetization curves, Fig. 9, sheared vertically to a 45 * angle.

This should not be surprising, since B=M+ 1oH. It also makes it obvious why, in
- Fig. 9, the zero magnetization balloon 4 falls on the 45 * line. The virgin state, balloon

0, would also fall on that line, but has been omitted from figures 6 and 8 to reduce
crowding. "Saturation" could be indicated by parallel 45 0 lines, displaced vertically by
tBA2. Therefore, both the maximum possible remanent field, Br at balloon 6, and
the coercive field, u0ci at balloon 7, are equal to Bp/2. Fig. 10 shows how the peak
value of the magnetizing field affects the magnitude of the remanent and coercive

fields. A field of 2Bp has to be applied to obtain the maximum possible remanence of
0.5Bp. The coercive force drops linearly with decreasing &ax.
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4.2. Comparison with Conventional Permanent Magnets

To compare flux trapped superconducting structures with conventional per-

manent magnets entails a comparison of totally different physics. There are no con-

tributions from "atomic material currents" and all fields can, in principle, be calculated

simply from the Biot-Savart law by superposing contributions from frozen-in, persistent

supercurrents. There is no large permeability or inherent field enhancement, as in fer-

romagnetism, and ., the permeability of free space, applies throughout the supercon-

ductor.

It is not surprising, therefore, that the terminology that has evolved to describe

magnetization and hysteresis in Type II superconductors differs from the correspond-

ing usage with ferromagnetic materials. Although some of the comparisons have al-

ready been mentioned in the previous section, we summarize the similarities and dif-

ferences by listing the conventional terms, as defined by Humphries. [7]

Magnetizing Force. The externally applied field, H, corresponds to the magnetizing

force, or magnetic intensity, usually given in A* turn/m or oersteds. To

simplify the analysis, our curves are plotted with 1A H for the abscissa.

Magnetic Induction. The average magnetic field within the perimeter of the super-

conductor, B vg, corresponds to the (normal) magnetic induction and is,

indeed, the average magnetic flux density. As seen in Fig. 6, it always lags

behind the magnetizing force and its magnitude varies across the supercon-

ductor, as evident in Fig. 9.

Magnetization. The magnetization (sometimes called the intrinsic induction) is the

difference between normal magnetic induction and magnetizing force, or

between average field and applied field, and is initially negative for the su-

perconductor (Fig. 6).

Remanence. The remanent field, Br , is the field that is trapped when the external

field is reduced to zero.

Saturation. Saturation for SuperPermanent magnets is indicated by the minimum

value of the temporarily applied field that will leave the maximum possible

value for the remanent field. It is only limited by critical current densities,

dimensions, and the avoidance of flux jumps. If a magnetizing field of 2BP is

available, Br will saturate at B p/2.
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Coercivity. In the superconducting case, we only have the normal coercivity, Hcn,
where the normal induction curve crosses the abscissa. Coercivity and

remanence cannot be modified independently of each other. The zero
average field at the coercive force position is just the result of compensating
persistent currents. There is no physically meaningful intrinsic coercivity for

the superconductor, as should be evident from Fig. 7.

Energy Product. The energy product measures the energy stored in the magnetic

structure or needed to demagnetize it. As such, it governs interactions with
the outside world or the magnetic "hardness". When fully magnetized, its
maximum value is B 2/4p

Curie Point. The superconducting transition temperature, Tc, corresponds to the
Curie temperature, in that the material has to be heated to that tempera-

ture to be completely demagnetized to restore the virgin state and, more

importantly, be kept well below it to retain the trapped flux.

Fig. 11 sketches the behavior of conventional permanent magnet materials in a
plot corresponding to Fig. 8. The narrow magnetization range for Alnico", is distinctly

different, but the curves for the modern Rare Earth - Transition Metal (RE-TM) [8)
*. [9] permanent magnet compounds are more similar to the superconductors in terms of

the extended values for both, the magnetizing and demagnetizing, fields. (There are

other similarities, incuding complex chemistry, anisotropy and ceramic manufacture.)

A Fig. 11 M9gnWe Ieend&uton Jo.%

B-I-en Maget, Ptotted
0. A &L SpmWoftdLJ.tou iB S at Figute 8. Fields normalized

K to saturation induction. Nar-
, row solid curve is for tvnical

, / Alnico". Dashed curve with

----- -. arrow is for Nd-B-Fe with a
| /q,'/ 1 Hsaturation 1jon of 2T [8];

other dashed curve is for

/ Hsimilar melt-spun material

a 9m.
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B(T)
3

-- 2

II

-3 -2

Fig. 12 Vemgne~zaion o6 Sipmsonduto and Pe.M~wewt MagnetA.

Actual fields are given in teslas. The solid lines are for superconductor of
optimum thickness 2afj, magnetized to 12, 9, 6 and 3 T, respectively. The

dot-dashed line is for a superconductor of only half the optimum thickness.

The 45 0 dashed lines are for Nd-Fe-B and the steep dashed curve is for

Alnico'.

5. Testing and Using SuperPermanent Magnets

The utility and performance of a given material as a permanent magnet is

, sabli.ed by the energy product, as exhibited in the second quadrant of the induc-

tion curves. Fig. 12 enlarges the second quadrants of figures 8 and 11 and translates

from normalized to actual fields. A conservative value of 6 T has been assumed for

the flux jump field, as appropriate for 77 K operation, and the half-thickness afj

corresponds to full flux penetration at that field. Table I summarizes the results of our

analysis by listing the energy product for various materials, configurations and mag-

netizing fields. It also includes some RE-TM magnets for comparison.
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Table I

Energy Products

Bmax (T) MJ/m 3  MG"Oe

Full Thickness 12 1.8 225

9 1.7 210

6 0.8 100

3 0.1 12

Half Thickness 6 0.45 56

Sagawa et al (8] 2 0.29 36

Croat et al [9] 2 0.11 14

It is apparent that specimens of less than full penetration thickness will not

demonstrate the real potential of high temperature superconductors.

Table II gives the dimensions required to utilize the 6 T flux jump field at

various critical current densities and thereby points out the major problem and

weakness of the concept at the present stage of development of high temperature

superconductors. Clearly, even a meter thick sample is neither practical nor

desirable. However, current densities of 100 A/mm 2 at 77 K appear to be on the

horizon, which corresponds to a more reasonable size of 10 cm. A most useful size of

I cm would result from the long-term goal of current densities of 1000 A/mm 2, as was

also used in Fig. 4.

Table II

Sample Dimensions

Jc 2afj

A/m, 2  A/m2  mm

2 2E6 4800

10 E7 950

100 E8 95

1000 E9 9.5
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It should be emphasized that the dimensions in Table II follow from the relations

between critical current densities and the critical state model and will be valid even if

flux jumps turn out to be less of a problem than we have assumed.

One obvious way to test the concept and determine superconductor stability with

presently available materials would be to make measurements on thin-walled cylin-

ders or stacked washers over a range of temperatures. Higher current densities are

automatically available below 77 K, albeit at the expense of reduced stability. Such

configurations will also allow taking advantage of the additional possibilities that

result from the anisotropy of the critical current densities, once textured materials

become available.

Clearly, there are tremendous technological opportunities here, if the preceding

analysis can be verified experimentally and when high temperature superconducting

materials of improved current densities are available.

Conclusions

1) High temperature superconductors may be used as permanent magnets with
trapped fields of 3 T at 77 K.

2) Their energy product should be as high as 1.8 MJ/m 3 or 225 MGOe.

3) The magnetizing field has to be 4 times as large as the trapped field, or 12 T.

4) Permanent magnet use of high temperature superconductors bypasses the
problems of wire or tape manufacture.

5) Flux jump instabilities will be less important at 78 than at 4 K.

6) Widespread use of the concept will depend on improved critical current den-

sities.
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